We have investigated the optimal growth conditions of carbon nanotubes (CNTs) using the chemical vapor deposition and the Ni nanoparticle arrays. The diameter of the CNT is shown to be controlled down to below 20 nm by changing the size of Ni particle. The position and size of Ni particles are controlled continuously by using wafer-scale compatible methods such as lithography, ion-milling, and chemical etching. Using optimal growth conditions of temperature, carbon feedstock, and carrier gases, we have demonstrated that an individual CNT can be grown from each Ni nanoparticle with almost 100% probability over wide area of SiO 2 /Si wafer. The position, diameter, and wall thickness of the CNT are shown to be controlled by adjusting the growth conditions.
. Introduction
The carbon nanotube (CNT) [1] is one of the most studied nanostructured materials for its excellent electrical and mechanical properties [2] . While multiwalled CNTs (MWNTs) show complicated electrical properties, single-walled CNTs (SWNTs) are either metallic or semiconducting depending on the atomic structure [3, 4] . Utilizing such electrical properties, SWNTs have been applied to demonstrate single device performance including field-effect transistor [5] , random access memory [6] , room-temperature single-electron transistor [7] , and logic gates [8] [9] [10] .
Though the feasibility of individual devices has been demonstrated till now, the mass production of the practical CNT-based integrated devices requires to develop extreme control technologies. For example, CNTs of well-defined diameter, wall thickness, direction, length, and chirality should be placed at desired locations over wide area, with 100% probability, and at high speed compatible with the current Si industry.
There have been many efforts to achieve such a controllability. Placement of individual CNTs has been tried in several ways such as the attachment on functionalized patterns utilizing chemical interactions [11] [12] [13] or the electric-field-assisted trapping in the small gap between two electrodes [14, 15] . The direction of CNTs on a substrate could be controlled by applying the electric field during the growth [16] [17] [18] . The diameter of CNTs was shown to be controlled by changing the size of catalytic nanoparticles [19] [20] [21] [22] .
In that perspective, metallic nanoparticles smaller than 10 nm were shown to be distributed within specific patterns over wide area with controlled density [23] . MWNTs thicker than 50 nm were directly grown from catalytic seed particles by plasma-enhanced chemical vapor deposition (CVD) [24, 25] , and SWNTs were also grown from ordered Co and Fe nanoparticles fabricated by electron beam lithography [26] . However, all these methods are yet far from the practical technology for mass production of CNT-based integrated devices.
In this work, we propose a simple and reliable . Experiments
We choose thermal CVD in growing CNTs since it is simple and convenient for the mass production. We need at least three essential ingredients in the CVD growth of CNTs. (i) We use the ethylene (C2H4) gas as the carbon feedstock, for its low dissociation probability at high temperature makes it easier to control the growth of small-diameter CNTs, compared with C 2 H 2 .
[22] (ii) We use nano-sized Ni particles as the catalytic seed. (iii) The 1:1 mixture of H 2 and Ar is used as the carrier gas to control the concentration of the C2H4 gas.
Firstly, we tried to establish the optimal growth condition of CNTs by varying four independent parameters -the size of catalytic particles, the growth temperature, the flow rate of C 2 H 4 , and the flow rate of H2 and Ar. For that purpose, it is Fig. 2(f) ], the growth probability is very low. Since we are interested only in the ~100% growth probability of CNTs, we will henceforth focus only on the temperature range between 620 and 770 ℃.
The grown CNTs are too dense to directly count the numbers. To quantify the growth probability, we used alternative (indirect) approach. The sample surface was scratched with a sharp pin to turn over the entangled CNTs. The growth probability of CNTs is estimated to be (1 -the ratio of the remaining Ni particles on the substrate after scratch to the total number of Ni particles before the growth). It is noted that the real growth probability should be higher than the estimated values shown in Fig. 3 , for the values. As to the wall thickness, the CNTs grown at higher temperature are thinner than those grown at lower temperature as shown in Fig. 4(d) . The larger and thicker CNTs are difficult to grow at higher 
